ABSTRACT: Within the framework of the 'dynamic equilibrium model', we tested the hypothesis that fishing causes major disturbance to benthic communities on deeper bottoms of the continental shelf. Benthic megafauna on the Bay of Biscay coast of France was sampled on fishing grounds subject to various conditions of exploitation. Samples were taken at around 100 m depth to avoid strong natural disturbances. Species diversity and the largest body mass class of invertebrates were smaller in strongly exploited areas than in moderately exploited ones. Biomass size spectra in strongly exploited areas were characterised by a comparatively large biomass of small invertebrates, hence the K-dominance curve of abundance was either above the biomass curve, or the curves intersected. In moderately exploited areas, the K-dominance biomass curves were above the abundance curves; the dominant species were a commercial species and a benthic species sensitive to the physical effects of the fishing gears. In the heavily exploited areas, the dominant species were opportunistic carnivorous species of minor or no commercial interest. There were no dominant fish species in the most strongly exploited areas, while 2 fish species were found in the moderately exploited areas. No fragile species were found in the most exploited areas, whereas 6 fragile species were found in the moderately exploited ones. It is concluded that the differences between the most strongly exploited and the moderately exploited areas were consistent with the hypothesis.
INTRODUCTION
International concern and systematic research on the physical effects of trawling on the seabed and on benthic communities date from the 1970s, after the rapid expansion of fishing fleets, accompanied by technological innovations. Fishing gear used to catch demersal fish and shellfish often disturb both the seabed and the organisms living within or on it. For the most part the response of benthic communities to fishing disturbance is consistent with the generalised model of disturbance, i.e. increased dominance of small, fastgrowing species, and general reductions in species diversity and evenness (Hall 1999 ).
However, not all communities are equally affected. The findings of empirical studies have not been consistent (Collie et al. 2000) , mainly for 3 reasons: (1) nonlinearity of the diversity-disturbance relationship, (2) different levels of natural disturbance, (3) different spatial scales of the studies. Diversity is highest at intermediate levels of disturbance (Connell 1978) . At low natural disturbance, the additional disturbance of fishing may lead to a diversity increase, whereas diversity may decrease when natural disturbance is intermediate, and it may remain unchanged when natural disturbance is high. Most studies have investigated the effects of fishing on benthic communities on the continental shelf at depths < 60 m in shallow seas of northern Europe and eastern North America (Collie et al. 2000) . Benthic communities in these environments experience continuous disturbance at various scales, from a few centimetres in the case of bioturbation by infauna, through metre scales for feeding by predators on the seabed, up to large-scale natural disturbances such as seasonal storms, strong tidal currents, severe winters, or iceberg scouring (see Hall 1994 for a review). The intensity and frequency of natural disturbances therefore vary between the locations analysed. Effects of fishing disturbance on community structure and diversity are then not only likely to depend on the intensity and frequency of fishing, but also on the initial condition of the habitat . The effects of trawling on infauna are more noticeable in areas where levels of natural disturbance are low (Brylinsky et al. 1994 , Kaiser & Spencer 1996 , because in highdisturbance areas the community is already adapted to disturbance (Jennings & Kaiser 1998) . Finally, studies have to date been carried out at various spatial scales, but Kaiser (2003) has argued that detecting effects of fishing disturbance is strongly scale-dependent.
The dynamic equilibrium model of Huston (1994) provides a theoretical framework to analyse the effect of fishing disturbance on benthic communities and to reconcile apparently inconsistent findings. At a given productivity level, this model predicts that under conditions of high disturbance frequency and/or intensity, the few species present will be those that are able to complete their life cycles between disturbances and grow rapidly enough for their population size to recover. Under conditions of low disturbance, species whose life history is characterised by slow growth, late reproduction, large size, and efficient resource use will dominate the community. Diversity is then highest at intermediate levels of disturbance.
We conducted surveys on the Bay of Biscay coast of France at around 100 m depth to avoid interference of strong natural disturbances. Benthic megafauna, probably the most vulnerable part of the benthic communities directly impacted by fishing gears, was sampled on fishing grounds subject to different fishery impacts. If the dynamic equilibrium model holds true, then structural differences must be found between heavily fished and moderately fished communities. The following statements were tested: high fishing effort (1) reduces diversity and evenness, (2) reduces the observed maximum body mass, (3) favours a few body mass classes, (4) increases the steepness of the slope of number-size spectra, (5) shifts abundance and biomass distributions among species toward those typical of a disturbed community, (6) changes species composition.
MATERIALS AND METHODS
Sampling strategy. The study zone is located around 47°N and extends between 3 and 4°W off the western Atlantic coast of France (Fig. 1) . A bottom trawl survey was carried out with RV 'Côtes de la Manche' during the last week of May and the first week of June 2001. A 2 m beam trawl was used to sample the invertebrate magafauna and demersal fishes (Kaiser et al. 1994 , Jennings et al. 1999 , Ellis et al. 2000 . This proved to be an efficient method for large and rare species and for the integration of small-scale seabed patchiness (Frauenheim et al. 1989 ). The beam trawl was fitted with a chain mat and a 20 mm mesh liner. During sampling (20 min), warp length was 3 times water depth, the towing speed was 2 knots and the distance trawled was measured by the ship's differential GPS. A Reineck corer was used for sediment determinations. We sampled 8 stations within 4 areas around the 100 m isobath (about 2500 m 2 per haul): 1 station in Area A, 3 in Area B, 2 in Area C, and 2 in Area D. Stratification was based on the spatial variations in the fishing effort of the bottom trawlers in the year of sampling (2001), as determined by ICES statistical rectangle, from data of the Fisheries Monitoring System of IFREMER; the 23E6 22E6 Fig. 1 . Location of the 4 areas sampled in the Bay of Biscay and fishing effort of the bottom trawlers (in boat-months) in the ICES statistical rectangles for the year 2001, with n = 1 haul for A, n = 3 for B, n = 2 for C and n = 2 for D entire study zone is used by the fishery, i.e. unfished areas do not exist Benthic fauna, invertebrates and fishes, were sorted, identified to the lowest possible taxonomic level (usually species), counted and weighed. The species biomass was determined in each sample as wet weight.
Faunal diversity. Species diversity is classically assessed with the species richness S, the Shannon-Wiener diversity index H ' and the Pielou evenness index J '. S is the number of species. H ' was calculated as:
( 1) where p i is the abundance ratio of the species i. J ' was calculated as follows:
The diversity indices N1 and N2 of Hill (1973) were also assessed, as they are less sensitive to the dominant species and to the sampling effort, respectively, than the previous ones (Lande 1996) :
Finally, indices of the taxonomic diversity ∆ and distincness ∆* (Warwick & Clarke 1995) were assessed. These indices are less influenced by sample size than the other indices.
(5) (6) ∆ is the average (weighted) path length between every pair of individuals, where w ij is the weight given to the path length linking species i and j in the hierarchical classification and x i denotes the abundance of the i th species (i = 1, …, S). ∆* is the average (weighted) path length, ignoring paths between individuals of the same species. All the indices were calculated separately for each replicate tow, and results were tested for significant differences (ANOVA) between ICES statistical rectangles subject to high and low fishing effort.
Size structure of the macrobenthos. Trawling leads to mortality in benthic invertebrates and fishes, but the rates may be lower for the smallest individuals within and among species, as small organisms may be pushed aside by the pressure wave in front of the trawl (Gilkinson et al. 1998) , or escape from the trawl through the mesh. Larger individuals usually suffer higher mortality when they are in the path of the trawl (Bergman & van Santbrink 2000) . Hence, fishing activity may change the community size spectrum structure (Rice & Gislason 1996 , Bianchi et al. 2000 , Duplisea et al. 2002 .
Biomass size spectra were constructed by summing individual biomass in body mass classes arranged on an octave scale, as in Platt & Denman (1978) . An increasing octave series means that the nominal weight for each class is double that of the previous one. Biomass size spectra were calculated for each area by pooling data from the respective stations. The normalised number-size spectra were determined by regressing, from the modal class to the largest one, the log of the total number in body mass class against the log of body mass class. The slopes of these regression lines characterise abundance trends across the size spectrum and simplify comparisons between areas (Sheldon et al. 1977 , Pope & Knights 1982 , Sprules & Munawar 1986 , Pope et al. 1988 . Differences among slopes were tested by ANCOVA.
Abundance-biomass comparison (ABC method). Combined K-dominance plots for species biomass and numbers may assume 3 possible forms, representing undisturbed, moderately disturbed and strongly disturbed macrobenthic communities (Warwick 1986 , Warwick et al. 1987 . A relative biomass curve above the relative numbers curve throughout its entire length is expected for undisturbed communities, where biomass is dominated by one or a few large species represented by few individuals. At moderate disturbance, the large competitively dominant species are eliminated, and the inequality in size between the numerically dominant species and the species with high biomass is reduced, so that biomass and number curves (in %) are close and may intersect. As disturbance increases, communities become dominated numerically by one or a few small species. Then the abundance curve is above the biomass curve throughout its length.
Numbers and biomass curves of the most strongly exploited areas (A and C) were compared to the curves of the moderately exploited areas (B and D). The W statistic (Clarke 1990 ) was calculated for each replicate tow separately and results were tested for significant differences (ANOVA) between ICES statistical rectangles subject to high and low fishing effort. (7) where W is the standardised sum of the differences between each pair of species cumulative biomass
) and cumulative abundance ( ) value ranked in decreasing order. Species composition. Biological and ecological characteristics of the species make it possible to group the species according to the potential impact of fishing. Such groups have been defined recently for invertebrates (ICES 2003) : scavenger, opportunistic, fragile and sensitive species. Here we have grouped scavengers with opportunistic species and added one more group, the unaffected species. Scavengers have been found more frequently in recent years in the southern North Sea (Lindeboom & de Groot 1998). Apart from possible climate effects, this can be attributed to the fishery impact, as discards and by-catch together with the crushed and broken animals provide large amounts of additional food to scavenging species on the sea floor. Scavengers migrate rapidly into areas of fishing disturbance, where they feed on animals damaged by trawls (Ramsay et al. 1996) . Moreover, these species are often not injured by the passage of a trawl. Species with those characteristics sampled here were termed 'opportunistic species', e.g. Liocarcinus depurator and Munida bamffia. Some species are particularly sensitive to physical injury, as they are characterised by rigid bodies or tubes, and are sessile or slow-moving (MacDonald et al. 1996) . Species with those characteristics were termed 'fragile species'; filter feeders were also part of this group, as they are sensitive to particles resuspended by the passage of the trawl, e.g. Leptometra celtica and Virgularia mirabilis. Species with a hard body that are not scavengers, and species that can escape from the haul after having been caught were termed 'unaffected species', e.g. Alphaeus glaber. Species not included in these groups may be affected, but less so than the fragile ones. These species were termed 'sensitive', e.g. Macropodia tenuirostris. The ratio (in species number) of fragile, sensitive, unaffected and opportunictic species as defined here were computed a priori for each sector and compared between ICES rectangles.
RESULTS

Sediment characteristics
According to the classification of the Bay of Biscay by Chassé & Glémarec (1976) , the sediments sampled correspond to the muddy sand and sandy mud type with a silt fraction between 10.0% at Stn C3 to 34.9% at Stn B3, and a median particle size between 109 µm at Stn B3 to 201 µm at Stn CC1 (Table 1) . Sampling stations were in the depth range from 106 to 129 m.
Fishing effort
Apart from dredges that are used at depths greater than 50 to 60 m, the only bottom trawl gears used in grounds of 100 m depth in 2001 were otter trawls. Fishing effort of the bottom trawlers was actually lower in Rectangle 22E6, with 299 month-boats, than in Rectangle 23E6, with 1242 month-boats. This is consistent with a previous analysis (Berthou et al. 2000) , which showed that fishing effort in 1996 was lower in Rectangle 22E6 (between 130 and 590 month-boats) than in Rectangle 23E6 (between 1900 and 2800 month-boats). In Rectangles 22E6 and 23E6, 4 main 'métiers' (the association of a gear and a species or group of species) accounted for more than 60% of the activity. These were the Nephrops twin bottom trawls, the fish twin bottom trawls, the fish bottom otter trawls and the sole twin bottom trawls ( Table 2 ). The reason why fishing effort was lower in Rectangle 22E6 was its greater distance from the main fishing harbour at Lorient, compared to Rectangle 23E6 (Fig. 1) ; most of the boats are rather small, so that costs increase with distance. The main species landed from Rectangles 22E6 and 23E6 are, in decreasing order: anchovy, horse mackerel, Norway lobster, hake, common sole, and cuttlefish. These 6 species represented 50% of the total landings from these areas in 2001.
Faunal diversity
Of the 58 species sampled in this study, 15 were fishes and 43 were invertebrates (Table 3) . Differences between the most strongly exploited areas and the moderately exploited ones are shown in Table 4 . Although the species richness was greater in the moderately exploited areas (B and D; between 22 and 33 species) than in the most strongly exploited ones (A and C; between 13 and 23 species), the difference was not statistically significant (Table 5 ). There were no significant differences for evenness. On the other hand, diversity H ' was significantly greater in the moderately exploited rectangle (0.97 to 1.15), than in the strongly exploited one (0.68 to 0.89). The same holds true with regard to the N1 index (2.64 to 3.16 in the moderately exploited rectangle, and 1.97 to 2.43 in the strongly exploited one), and the N2 index (5.9 to 9.99 in the moderately exploited rectangle, and 2.44 to 5.56 in the strongly exploited one). No significant differences were found for the indices ∆ and ∆*.
Size structure
Biomass distribution was more similar to a Gaussian one in the moderately exploited areas (B and D) than in the most strongly exploited areas (A and C; Fig. 2 ). Biomass distributions in Areas A and C were characterised by a large contribution to the total biomass of one body mass class of invertebrates (5 and 2.5 g, respectively). The largest observed body mass class for invertebrates in the moderately exploited areas (B and D) were 10 and 20 g, respectively, while it was smaller in the most exploited areas (A and C; 5 and 10 g, respectively). The largest observed body mass class for fishes in areas (A, B, C and D) were 80, 20, 40 and 40 g, respectively. There were no clear 253 The fitted linear relationships between abundances and body mass explained a substantial proportion of the variance (Fig. 3) . The r 2 values were 0.8, 0.92, 0.89 and 0.98, respectively, in Areas A, B, C and D. The steepest slope was in one of the most strongly exploited areas (C: -1.62) while the flattest one was in a moderately exploited area (D: -1.26). However, there were no significant differences among slopes (F observed = 0.38, ν 1 = 3, ν 2 = 14, F 0.05 = 3.34) or among intercepts (F observed = 0.07, ν 1 = 3, ν 2 = 14, F 0.05 = 3.34).
Abundance-biomass comparison (ABC method)
The communities in the moderately exploited areas (B and D) showed an undisturbed pattern with the biomass curve above the abundance curve (Fig. 4) . On the other hand, the communities in the most strongly exploited areas (A and C) showed a disturbed pattern (abundance curve above the biomass curve) and a moderately disturbed pattern with (intersecting curves), respectively. The differences in the abundance/ biomass dominance curve between the 2 rectangles were significant (ANOVA, W statistic: Table 5 ).
Species composition
Relative species abundance (Fig. 5) shows differences in dominance between the rectangles: 7 and 8 species, respectively, represent > 75% of the total abundance in Areas B and D, while only 5 and 4 species attain 75% in Areas A and C. The most dominant species in Area B (moderately exploited) is the Norway 255 lobster Nephrops norvegicus, an opportunistic commercial species found in all areas of this study. In Area D (moderately exploited), the dominant species is a sensitive echinoderm genus (Astropecten spp.); Area D is the only one where this species was found. In the heavily exploited areas, the 2 dominant species are opportunistic carnivores, the blue-leg swimming crab Liocarcinus depurator in Area A, and Munida bamffia, a crustacean of minor commercial interest, in Area C. These 2 species were found in all areas of this study. There is no fish species within the first 75% of the total abundance in the most strongly exploited areas (A and C), while 2 small non-commercial fish species are found in the first 75% in the moderately exploited area: Fries's goby Lesueurigobius friesii and the scaldfish Arnoglossus laterna.
In the most strongly exploited areas (A and C), the opportunistic species were dominant in species number and fragile species were absent (Fig. 6) , while sensitive species were dominant and some fragile species were present in the moderately exploited areas (B and D). However, ANOVA showed significant differences between the most strongly exploited areas (A and C) and the moderately exploited areas (B and D), only for fragile species (Table 6) .
DISCUSSION
Sediment properties are factors influencing the benthic fauna (Basford et al. 1990 , Kühne & Rachor 1996 , Rees et al. 1999 , although the relationship is clearer for infauna than for the epifauna that was the focus in this study (Duineveld et al. 1991) . Moreover, the sampling scale of a beam trawl is orders of magnitude larger than that of corers, so that small-scale heterogeneity is integrated (Callaway et al. 2002) . To minimise these effects, benthic communities were only sampled on sandy mud and muddy sand. Furthermore, there are no hydrographic features or other environmental factors in this area that could lead to differential settlement of post-larval juveniles, so that fishing effort consitutes the major source of spatial variation.
However, sampling with bottom trawls usually implies high variance, due to a number of factors such as the patchy distribution of various species. Because of the limited sampling carried out in this study, 8 hauls might not have a representative species composition. Long-term surveys would be required to test the relia-257 Table 6 . Frequency of fragile, sensitive, unaffected and opportunistic species in the samples and ANOVA between the most exploited rectangle (Areas A and C) and the moderately exploited one (Areas B and D bility of the data, and caution is in order before generalising or extrapolating the results to the whole region. Our study is probably more useful in detecting patterns of change in community structure according to theoretical ecological guidelines, rather than in really testing an ecological hypothesis.
Species diversity
The diversity indices H ', N1 and N2 confirmed the disturbance effect of fishing on the community. Results on species richness, evenness, taxonomic diversity and distinctness were less clear. Species diversity was lower where fishing disturbance was high, but it is difficult to conclude whether this is due to a decrease in slow growing sessile fauna and/or to avoidance of the vagile fauna, which is replaced by a few opportunist species. However, the numbers of both sessile and vagile fragile invertebrate species were lower in the most strongly fished areas (C. Hily pers. obs) so that both processes may apply. No differences were apparent from taxonomic indices; these indices are useful for macrofauna, but our study also included fish megafauna. Taxonomic distances between fishes and invertebrates are huge, compared to distances between invertebrate species, and the values of the taxonomic indices can be so high as to obscure the small spatial differences in taxonomic diversity of invertebrates. These indices should be computed separately for invertebrate and fish species.
Size spectra
Biomass size spectra are widely used to describe the structure of pelagic food chains, demersal fish communities and benthic communities of invertebrates, and sometimes related to the productivity of the ecosystems (Sheldon et al. 1977 , Macpherson & Gordoa 1996 , Saiz-Salinas & Ramos 1999 . Normalised number-size spectra have been used to analyse the impact of fishing on demersal fish communities (Pope & Knights 1982 , Pope et al. 1988 , Murawski & Idoine 1992 , Rice & Gislason 1996 , Bianchi et al. 2000 , showing an increase in the abundance of the smallest body mass classes and a decrease in the largest ones, probably due to: (1) differential mortality, as fishing gears select large individuals; (2) release from predation of small individuals that are prey to the large ones; (3) recovery from continuous fishing mortality by species with early reproduction and fast growth (r-strategists). Although there were no significant differences among slopes of the normalised number-size spectra, different biomass-size structures among areas were found, consistent with the previously quoted fishing effects on demersal fish communities: one small size class was dominant in the most exploited areas compared to the moderately exploited ones.
Abundance-biomass comparison (ABC method)
The ABC method (Warwick 1986 ) was originally designed to detect pollution effects on macrobenthic invertebrate communities, and then generalised to other physical and biological disturbances (Warwick et al. 1987 ) and applied to fishery impacts (Lindeboom & de Groot 1998) . The method was designed on the basis of the ecological succession theory: after a strong disturbance, (small) opportunistic species are the first to recolonise the habitat, and then (large) conservative species tend to replace them. The ABC method is rarely applied to fishing disturbances in megabenthic communities of invertebrates and fishes, and this study shows that the method can be applied to a wide range of individual sizes, taxa and disturbances. Our results support the hypothesis that fishing acts on communities like a physical disturbance, as well as the underlying theory of ecological succession. Only 3 discrete disturbance levels are defined in this method: highly disturbed, moderately disturbed and undisturbed, whereas in the dynamic equilibrium model, disturbance is a continuous variable. The intercalibration between a discrete variable of disturbance and a continuous one remains to be tackled.
Species composition
Dominant species in the moderately exploited areas were a commercial crustacean species and a sensitive echinoderm, while the dominant species in the most exploited areas were crustacean opportunistic carnivores of minor or no commercial interest. Fishing gear effects may favour scavengers and opportunistic carnivores attracted by crushed organisms, and eliminate fragile species. However, it remains unclear whether increases in scavenger abundance are the result of migration or of population growth. Commercial species such as Norway lobster may be depleted and replaced by a potential competitor such as Munida bamffia. Actually, the stock biomass of Nephrops norvegicus in the ICES Division VIIIa,b (Bay of Biscay) is at or near the lowest known level and this is attributed to the high exploitation rate and/or fishing patterns that cause high mortality in juveniles (ICES 2002) .
We assumed that few differences in grain size of the sediment exist in the study area, so that no natural spatial variation was expected. However, Norway lobster is the dominant species in Area B, but not in Areas A, C and D (it is second in abundance in Areas A and C, and the 7th in the moderately exploited Area D). Relationships between Nephrops norvegicus density and sediment grain size have been shown for several stocks: density increases with particle size up to an optimum particle size value, then decreased for larger particle sizes; the optimum particle size differs between stocks (Afonso-Dias 1997). Moreover, the grain size range may be huge in some cases. The relationship between N. norvegicus density and particle size in the Bay of Biscay is unknown. It is therefore difficult to conclude whether the variation in the abundance rank of N. norvegicus is really a consequence of fishing or rather of small grain size variations or interactions between both factors. The sensitive species Astropecten is only dominant in Area D and is not found anywhere else. This could be due to interactions between small sediment variations and fishing effects. No fragile species were found in the most strongly exploited areas, while 6 species were observed in the moderately exploited ones, and this is more probably due to fishing effects than to sediment grain size. Moreover, there is no fish species among the first 75% of the total abundance in the most strongly exploited area, while 2 fish species are found among the top 75% in the moderately exploited area. Heavy fishing activity in the most exploited areas probably drives fishes out of the area.
Community dynamics
Indices of species diversity, size structure, and abundance-biomass distributions among species proved useful to demonstrate fishing impacts on the benthic communities at low and moderate levels of natural disturbance, when used in the framework of the dynamic equilibrium model. Management requires quantitative methods that predict changes in communities. Size-based models (Duplisea et al. 2002) have to be designed. However available knowledge of trawling disturbance impacts is based primarily on empirical studies. Then models are only empirical, without strong theoretical underpinnings about the ecological processes involved in community dynamics, or with underpinnings not yet fully acknowledged by the scientific community. More theoretical works on community dynamics supported by empirical analyses are then needed to design convincing and effective management strategies of environmental impacts of fishing.
Community dynamics can theoretically be regulated by competitive interactions or ecological disturbances (including environmental and predation factors). Fishing effects as predation disturbance (removal of individuals) have been hypothesised (Blanchard 2001) . In communities regulated by interspecific interactions a high intensity of predation can alter the strength of competitive interactions and allow for increased coexistence of competitive species (Levine 1976 , Vandermeer 1980 . Fishing exploitation could have similar effects, i.e. benthic community dynamics under low conditions of exploitation and low or moderate levels of natural disturbance is probably regulated by competitive interactions, and fishing leads to a shift toward community dynamics regulated by fishing disturbance. This underscores the importance of analysing fishing effects as physical disturbances (break and crush effects of gears). Theories on community dynamics that include ecological disturbance, whether physical or predation disturbance, is a promising theoretical framework to analyse the effects of fishing.
